Little is known about the transmission or tropism of the newly discovered human retrovirus, human T-cell lymphotropic virus type 3 (HTLV-3). Here, we examine the entry requirements of HTLV-3 using independently expressed Env proteins. We observed that HTLV-3 surface glycoprotein (SU) binds efficiently to both activated CD4 ؉ and CD8 ؉ T cells. This contrasts with both HTLV-1 SU, which primarily binds to activated CD4 ؉ T cells, and HTLV-2 SU, which primarily binds to activated CD8 ؉ T cells. Binding studies with heparan sulfate proteoglycans (HSPGs) and neuropilin-1 (NRP-1), two molecules important for HTLV-1 entry, revealed that these molecules also enhance HTLV-3 SU binding. However, unlike HTLV-1 SU, HTLV-3 SU can bind efficiently in the absence of both HSPGs and NRP-1. Studies of entry performed with HTLV-3 Env-pseudotyped viruses together with SU binding studies revealed that, for HTLV-1, glucose transporter 1 (GLUT-1) functions at a postbinding step during HTLV-3 Env-mediated entry. Further studies revealed that HTLV-3 SU binds efficiently to naïve CD4 ؉ T cells, which do not bind either HTLV-1 or HTLV-2 SU and do not express detectable levels of HSPGs, NRP-1, and GLUT-1. These results indicate that the complex of receptor molecules used by HTLV-3 to bind to primary T lymphocytes differs from that of both HTLV-1 and HTLV-2.
The primate T-cell lymphotropic virus (PTLV) group of deltaretroviruses consists of three types of human T-cell lymphotropic viruses (HTLVs) (HTLV-1, HTLV-2, HTLV-3), their closely related simian T-cell lymphotropic viruses (STLVs) (STLV-1, STLV-2, STLV-3), an HTLV (HTLV-4) for which a simian counterpart has not been yet identified, and an STLV (STLV-5) originally described as a divergent STLV-1 (5-7, 30, 35, 37, 38, 45, 51, 53) . HTLV-1 and HTLV-2, which have a 70% nucleotide homology, differ in both their pathobiology and tropism (reviewed in reference 13). While HTLV-1 causes a neurological disorder (tropical spastic paraparesis/HTLV-1-associated myelopathy) and a hematological disease (adult T-cell leukemia/ lymphoma) (15, 42, 55) , HTLV-2 is only rarely associated with tropical spastic paraparesis/HTLV-1-associated myelopathylike disease and is not definitively linked to any lymphoproliferative disease (12, 20) . In vivo, both HTLV-1 and HTLV-2 infect T cells. Although HTLV-1 is primarily found in CD4 ϩ T cells, other cell types in the peripheral blood of infected individuals have been found to contain HTLV-1, including CD8 ϩ T cells, dendritic cells, and B cells (19, 29, 33, 36, 46) . Binding and entry of retroviruses requires specific interactions between the Env glycoproteins on the virus and cell surface receptor complexes on target cells. For HTLV-1, three molecules have been identified as important for entry, as follows: heparan sulfate proteoglycans (HSPGs), neuropilin-1 (NRP-1), and glucose transporter 1 (GLUT-1) (16, 22, 26, 28, 29, 34, 39, 44) . Recent studies support a model in which HSPG and NRP-1 function during the initial binding of HTLV-1 to target cells, and GLUT-1 functions at a postattachment stage, most likely to facilitate fusion (29, 34, 49) . Efficient HTLV-2 binding and entry requires NRP-1 and GLUT-1 but not HSPGs (16, 26, 39, 49) .
This difference in the molecules required for binding to target cells reflects differences in the T-cell tropisms of these two viruses. Activated CD4 ϩ T cells express much higher levels of HSPGs than CD8 ϩ T cells (26) . In infected individuals, HTLV-1 is primarily found in CD4 ϩ T cells, while HTLV-2 is primarily found in CD8 ϩ T cells (21, 43, 46) . In vitro, HTLV-1 preferentially transforms CD4 ϩ T cells while HTLV-2 preferentially transforms CD8 ϩ T cells, and this difference has been mapped to the Env proteins (54) .
We and others have reported the discovery of HTLV-3 in two Cameroonese inhabitants (6, 7, 53) . We recently uncovered the presence of a third HTLV-3 strain in a different population living several hundred kilometers away from the previously identified groups (5) , suggesting that this virus may be common in central Africa. Since the HTLV-3 sequences were obtained by PCR amplification of DNA isolated from peripheral blood mononuclear cells (PBMCs) of infected individuals, little is known about its tropism and pathobiology in vivo. Based on the correlation between HSPG expression levels and viral tropisms of HTLV-1 and HTLV-2, we reasoned that knowledge about the HTLV-3 receptors might provide insight into the tropism of this virus. We therefore generated vectors expressing HTLV-3 Env proteins and used them to begin to characterize the receptor complex used by HTLV-3 to bind and enter cells.
SU protein was standardized using a rabbit immunoglobulin G (IgG) enzymelinked immunosorbent assay (ZeptoMetrix), and 200 ng of each SU protein was used, unless otherwise noted. Specific binding of soluble HTLV SU proteins to target cells was performed, as previously described (28) .
Removal of cell surface HSPGs. Heparan sulfate (HS) lyase (heparitinase III) was obtained from Seikagaku Corp. (Tokyo, Japan) and used as previously described (28) . Briefly, MOLT4 cells (10 6 ) were spun down, resuspended in 200 l of HS lyase buffer, and then incubated for 2 h at 37°C with 10 mU HS lyase or in buffer only. Two hours later, the cells were washed twice, resuspended in 400 l of phosphate-buffered saline, and analyzed by flow cytometry.
Cell surface expression of HSPGs, NRP-1, and GLUT-1. The levels of HSPGs and NRP-1 expression were determined using the monoclonal antibody clone F58-10E4 (Seikagaku Corp.) and clone AD5-17F6 (Miltenyi Biotec), respectively. The level of GLUT-1 expression was determined using two antibodies which recognize extracellular domains of human GLUT-1: a mouse anti-human monoclonal antibody from R&D Systems (MAB1418) and a rabbit anti-human polyclonal from Alpha Diagnostics (GT14-A), as previously described (28) . All cells were fixed in 4% paraformaldehyde after being stained, with the exception of red blood cells, which were fixed in 1% paraformaldehyde. The level of cell surface expression was determined as previously described (26) .
Retroviral vector transduction. Pseudotyped retroviral vectors were generated and used to transduce the target cells as previously described (27) . Briefly, target cells were incubated with 10-fold dilutions of supernatant containing the pseudotyped viruses, and negative control cultures (cells transduced with murine leukemia virus [MLV] vectors with no Env) were included in each experiment. Four days later, cells were analyzed by flow cytometry for the expression of enhanced green fluorescent protein to determine the percentage of transduced cells. Relative titers were determined from the well with the lowest percentage that was at least 5% positive using the following formula: (% positive Ϫ % positive in negative control) ϫ (number of cells in well on day of transduction). Titers were corrected to 1 ml.
Statistical analysis. Data were analyzed by one-way analysis of variance followed by Tukey's test. A P value of Ͻ0.05 was considered statistically significant. All results are presented as means Ϯ standard errors of the means (SEM).
RESULTS
HTLV-3 SU sequence displays similarities with those of HTLV-1 and HTLV-2. Previous phylogenetic studies conducted on concatenated viral sequences (6,812 bp) revealed that the HTLV-3 genome is as divergent from that of HTLV-1 as it is from that of HTLV-2 (6, 17) . To determine whether this was also true for the HTLV Env sequences, we performed a series of phylogenetic analyses on both the complete Env genes of PTLVs and the portion encoding the SU. These results revealed that the sequences of both the HTLV-3 Env and the HTLV-3 SU proteins fit into a clade that is distinct from those of HTLV-1 and HTLV-2 (see Pyl43) (Fig. 1A) . Alignment of the SU amino acid consensus sequences of HTLV-1, HTLV-2, and HTLV-3 revealed that, despite being grouped in a cluster different from that of both HTLV-1 and HTLV-2, the HTLV-3 SU sequence displays some similarities with those of the other two SU proteins (Fig. 1B) . For example, the alignment revealed that the structure of HTLV-3 SU would be predicted to consist of two domains linked by a short, proline-rich (amino acids 180 to 205) "hinge" region. This has previously been shown to be the structure of a number of retroviral SU proteins (1-3, 10, 14, 18, 56) , including HTLV-1, HTLV-2, and bovine leukemia virus deltaretroviruses (24, 31, 32) . Moreover, amino acids previously shown to be important for HTLV-1 SU functions are also conserved in HTLV-3 SU. These include residues involved in the interaction with GLUT-1 (D106 and Y114) (39) and residues important for HTLV-1 Env-mediated fusion and infection (S81, R94, S101, Y170) (11, 47) (Fig. 1B) . . The sequences were aligned using ClustalW (in DAMBE program). The trees shown were generated in PAUP using the maximum likelihood method. (B) The SU amino acid consensus sequences of HTLV-1, HTLV-2, and HTLV-3 were aligned using ClustalW. An asterisk indicates identical residues, a colon indicates conserved substitutions, and a period indicates semiconserved substitutions. Red boxes, residue involved in Env-mediated fusion and infection (S81, R94, S101, Y170); blue boxes, residues involved in GLUT-1 interactions (D106 and Y114).
binding of soluble forms of HTLV-1 and HTLV-2 SU proteins to T cells parallels the level of binding and internalization of HTLV virions (26, 28, 41, 49) . We therefore generated a construct encoding a soluble form of the HTLV-3 SU protein using an approach that we previously used to generate soluble forms of the HTLV-1 and HTLV-2 SU proteins (26, 28) . Western blot analysis confirmed that the soluble HTLV-3 SU protein generated from this construct had the correct size and was recognized by anti-HTLV SU antibodies ( Fig. 2A, left) .
Although HTLV-3 proviral sequences have been found in the PBMCs of infected individuals, nothing is known about which cell types are infected with HTLV-3. We initially examined the binding of HTLV-3 SU to several cell types that can be infected by HTLV-1. Experiments performed with HTLV-3 SU revealed that it bound at high levels to primary activated CD4 ϩ T cells, as did HTLV-1 SU but not HTLV-2 ( Fig. 2A , right and top). Flow analyses performed in parallel confirmed that, as previously reported (4, 29, 48, 49) , the primary activated CD4
ϩ T cells expressed high levels of HSPGs and NRP-1, but not GLUT-1, on the cell surface ( Fig ϩ T cells and dendritic cells are dramatically reduced in cells lacking HSPGs (26, 28, 29, 44, 49) . In contrast, HTLV-2 does not require HSPGs for efficient binding and entry (26) .
As a first step to investigate whether HSPGs play a role in HTLV-3 Env binding, we examined the ability of HTLV-3 SU to bind to a CD4 ϩ T-cell line (MOLT4) from which HSPGs had been enzymatically removed by treatment with HS lyase. Although removal of HSPGs lowered the level of binding, HTLV-3 SU could still bind to these cells (Fig. 3A) . This was in contrast to the level of HTLV-1 SU binding, which, as expected from previous studies (26, 28, 44) , was consistently low or undetectable on the cells lacking HSPGs (Fig. 3A, left and bottom). The notion that HSPGs play a less important role in HTLV-3 SU binding than in HTLV-1 SU binding is supported by the studies of binding to primary T cells shown above. As we have previously reported, primary CD4 ϩ T cells activated for 4 days express higher levels of HSPGs than the cells activated for 2 days (data not shown) and bind higher levels of HTLV-1 SU (compare top middle panels of Fig. 2D [4 days] and Fig. 2C [2 days] ). In contrast, the binding of HTLV-3 SU was not significantly higher on the cells that expressed higher levels of HSPGs (compare top left panels of Fig. 2D and C) .
HSPGs are just one of several different types of glycosylaminoglycans (GAGs) used by viruses to facilitate binding to target cells. HTLV-1 SU appears only to be able to use HSPGs since other GAGs do not enhance HTLV-1 SU binding (28 and data not shown). One possible explanation for the binding of HTLV-3 SU to cells that lack HSPGs is that HTLV-3 can use GAGs other than HSPGs to enhance binding. To address this, we examined the ability of HTLV-3 to bind to the cell line pgsA-745, a derivative of CHO-K1 cells that does not express any GAGs. Flow analysis revealed that, although the level was reduced, HTLV-3 SU could bind to a portion of the cells in the absence of GAGs (Fig. 3B , middle and bottom). The level of HTLV-3 SU binding varied among experiments: sometimes the binding was higher than that shown in Fig. 3B , while in other experiments, binding was just slightly above the control (data not shown). In contrast, HTLV-1 SU binding to the cells lacking GAGs was never observed (Fig. 3B, left and bottom) . The right panels demonstrate the lack of HSPG expression in the pgsA-745 cells. All together, these data indicate that HTLV-3 SU binding involves interaction with molecules other than GAG and suggest that those molecules are expressed differently at different times in the cell cycle. Taken together, these results show that, while HSPGs can enhance HTLV-3 SU binding, HTLV-3 SU can bind to cells in the absence of HSPGs and other GAGs.
Role of NRP1 in HTLV-3 SU binding. We next examined whether two other molecules involved in HTLV entry, NRP-1 and GLUT-1, contributed to the non-HSPG binding by HTLV-3 SU. NRP-1 has been shown to directly bind to HTLV-1 SU (16, 34) . Moreover, the level of NRP-1 on target cells parallels the titers of HTLV-1 and HTLV-2 Envpseudotyped virions, and blocking interactions with NRP-1 with its ligand VEGF-A 165 decreases HTLV-1 binding, entry, and infection (16, 34) . Peptides homologous to the region of VEGF-A 165 that bind directly to NRP-1 (50, 52) have recently been shown to block HTLV-1 SU binding (34) . To determine whether blocking NRP-1 interactions also decreased HTLV-3 SU binding, activated primary CD4 ϩ T cells were incubated with an NRP-1-binding peptide (tuftsin [TU] ) prior to and during incubation with HTLV-1 and HTLV-3 SU proteins. Blocking interactions with NRP-1 decreased the level of HTLV-3 SU binding to primary CD4 ϩ cells (Fig. 4A) . However, under conditions where the HTLV-1 SU binding was almost completely blocked, HTLV-3 SU still bound at significant levels (Fig. 4A , right, top and bottom). The effect of blocking NRP-1 interactions was also examined by incubating the cells with a second peptide that binds to NRP-1 (TU-A) or, as a negative control, a peptide of the same length (L5D) corresponding to the same region of a variant of VEGF 165 (26) . Cells were lysed, and Western blot analysis was performed as previously described (28) (VEGF 165b ) which does not bind to NRP-1 (Fig. 4B) . The TU-A peptide reduced the level of HTLV-3 SU binding to activated primary CD4 ϩ T cells by about 50%, while the control peptide did not significantly block binding. In contrast, and consistent with what has been recently reported (34) , the TU-A had a more significant effect on the levels of HTLV-1 SU: binding was reduced by more than 87%. The fact that the control peptide also modestly reduced HTLV-1 SU binding suggests that the peptides, which have a positive charge, may be interacting with the negatively charged HSPGs.
The effect of blocking NRP-1 interactions was also examined using an antibody directed against NRP-1. The comparative effects on HTLV-1 and HTLV-3 SU binding paralleled what were observed when peptides were used to block binding to (Fig. 4C and data not shown) .
We next examined the effect of blocking both HSPG and NRP-1 interactions on HTLV-3 SU binding. As reported above in Fig. 3 , HTLV-3 SU bound at significant levels to cells that had been enzymatically treated to remove HSPGs (Fig. 4D) . HTLV-3 SU also bound to cells when NRP-1 interactions were blocked and HSPGs were removed, confirming that HTLV-3 can bind efficiently to cells when interactions with both HSPGs and NRP1 are blocked. In contrast, the combination of TU and HS lyase almost completely abolished HTLV-1 SU binding to the cells. 100%), and the average value from three independent experiments was determined. Statistical significance was determined as above; an asterisk denotes significant differences from controls. P values were as follows: HTLV-1 SU with no peptide versus TU-A, Ͻ0.05; HTLV-1 SU with no peptide versus L5D, Ͼ0.05; HTLV-3 SU with no peptide versus TU-A, Ͻ0.01; HTLV-3 SU with no peptide versus L5D, Ͼ0.05. (C) The CD4 ϩ T-cell line SupT1 was incubated for 1 h with 10 g/ml of either an antibody directed against an extracellular portion of NRP-1 or an isotype control (mouse IgG1) and then exposed to the SU proteins. The MFIs for the SU binding were as follows: isotype/SU-1, 3.5; anti-NRP-1/SU-1, 0.2 (5.7% of isotype); isotype/SU-3, 5.5; anti-NRP-1/ SU-3, 2.69 (48.5% of isotype). (D) CHO-K1 cells were treated with HS lyase, and binding assays were performed as in panel A, except that a portion of the cells treated with HS lyase were also incubated with 20 g/ml TU. Shown is the MFI for SU binding from three independent experiments, normalized as described above. An asterisk denotes significant differences from binding of the same SU to untreated cells. P values were as follows: no treatment with HTLV-1 SU versus HS lyase treatment, Ͻ0.001; no treatment with HTLV-1 SU versus HS lyase and TU treatment, Ͻ0.001; no treatment with HTLV-3 SU versus HS lyase treatment, Ͻ0.01; no treatment with HTLV-3 SU versus HS lyase and TU treatment, Ͻ0.001. HTLV-3 SU bound at significant levels to cells that had been enzymatically treated to remove HSPGs (light gray bar). HTLV-3 SU also bound to cells when NRP-1 interactions were blocked and HSPGs were removed (white bar).
GLUT-1 is not involved in HTLV-
level of GLUT-1 does correlate with the binding of a truncated form of HTLV-1 SU lacking the C terminus, the titers of HTLV-1 Env-pseudotyped viruses, and cell-cell transmission of HTLV-1, suggesting that this molecule functions after the initial binding to the cell (31, 39, 49) . In contrast, GLUT-1 appears to be the major determinant for the level of binding of HTLV-2 SU (26) .
To examine whether GLUT-1 is involved in the binding of HTLV-3 SU, we generated a pair of cell lines (C5/U87 and C8/U87) that differ in their levels of cell surface GLUT-1. These cells were cloned from the U87 cell line, which had previously been shown to express low but detectable levels of GLUT-1 on the cell surface (23) . C5/U87 expresses significant levels of cell surface GLUT-1, while the level of GLUT-1 on C8/U87 cells is very low (Fig. 5A, right) . Both the C5/U87 and C8/U87 clones express high levels of HSPG and NRP-1 (Fig.  5A, left and middle) . SU binding studies revealed that, as expected from previous studies, HTLV-2 SU binding was The cell surface levels of HSPG, NRP-1, and GLUT-1 on U87 clones C5 (GLUT-1 ϩ ) and C8 (GLUT-1 Low ) were determined by flow cytometry, as in Fig. 2A . Black line, specific antibodies; gray line, isotype control. The result shown here is representative of four independent experiments. (B) Levels of binding of HTLV SU to C5/U87 and C8/U87. Data shown were calculated as for Fig. 4 . An asterisk denotes significant differences from binding of the same SU to the C5/U87 cells. P values were as follows: HTLV-3 SU C5/U87 versus C8/U87, Ͼ0.05; HTLV-1 SU C5/U87 versus C8/U87, Ͼ0.05; HTLV-2 SU C5/U87 versus C8/U87, Ͻ0.001.
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on October 16, 2017 by guest http://jvi.asm.org/ significantly lower on C8/U87, which expresses low levels of GLUT-1, than on C5/U87 (Fig. 5B) . In contrast, the levels of binding of both HTLV-3 and HTLV-1 SU were not reduced on the cells expressing lower levels of GLUT-1. These results suggest that, as for HTLV-1, GLUT-1 does not play a significant role in the initial binding of HTLV-3 to the target cell. Role of HSPGs, NRP-1, and GLUT-1 in HTLV-3 Env-mediated entry. We next wanted to examine whether HSPGs, NRP-1, and/or GLUT-1 play a role in HTLV-3 Env-mediated entry at a step after the initial binding to the cell surface. To do this, we generated a vector expressing both the HTLV-3 SU and TM proteins and used this construct to pseudotype retroviral vectors. The titers of such vectors reflect the ability of the Env proteins to facilitate both the initial binding and subsequent virus-cell fusion and entry.
Previous studies have shown that, as for SU binding, the titers of HTLV-1 Env-pseudotyped viruses are dramatically lowered when the level of HSPGs on target cells is reduced (28, 44) . To investigate whether HSPGs were also important for efficient HTLV-3 Env-mediated entry, the titers of MLVbased virions pseudotyped with either HTLV-1 Env, HTLV-3 Env, or vesicular stomatitis virus G protein (VSV-G) on CHO-K1 and pgsA-745 cells were determined. As expected, the titer of HTLV-1 Env-pseudotyped virions was dramatically lower on the GAG-negative pgsA-745 cells than on CHO-K1 cells (Fig. 6A) . The absence of GAG also significantly reduced the titer of the HTLV-3 Env-pseudotyped virus, but the effect was less dramatic than for the HTLV-1 Env-pseudotyped virus (Fig. 6A, middle) . The effect observed appeared to involve specific interactions between the Env proteins and the target cells, since entry of VSV-G-pseudotyped virus, which has previously been shown to be independent of GAG, was not affected by this treatment (Fig. 6A, right) . Thus, as for SU binding, GAGs enhance, but are not required for, HTLV-3 Env-mediated binding and entry into target cells.
We next investigated the role of NRP-1 and GLUT-1 in HTLV-3 Env-mediated entry. In the first series of experiments, decreasing NRP-1 interactions by the addition of TU significantly decreased the titers of all three HTLV Env-pseudotyped viruses, suggesting that NRP-1 is involved in the entry of all three viruses (Fig. 6B) . FIG. 6 . Roles of HSPGs, NRP-1, and GLUT-1 in HTLV-3 Envmediated entry. (A) CHO-K1 and CHO-K1-pgsA-745 cells were incubated overnight with MLV-based retroviral vectors pseudotyped with either HTLV-1 Env, HTLV-3 Env, or VSV-G and harvested 4 days later, and the titers were determined as described in Materials and Methods. Titers obtained on CHO-K1 were normalized to 100, and the relative titer was determined using the following formula: (titer on CHO-K1/titer on CHO-K1-pgsA-745) ϫ 100. P values were as follows: HTLV-1 Env CHOK-1 versus CHO-K1-pgsA-745, Ͻ0.001; HTLV-3 Env CHOK-1 versus CHO-K1-pgsA-745, Ͻ0.001; VSV-G CHOK-1 versus CHO-K1-pgsA-745, Ͼ0.05. (B) 293 cells were incubated in either the presence or absence of 8 g/ml of TU. Thirty minutes later, equal volumes of media containing either HTLV-1 Env, HTLV-2 Env, HTLV-3 Env, or VSV-G-pseudotyped vectors were added, so that the final concentration of TU was 4 g/ml. Six hours later, the cells were washed, and the titers were determined 4 days later. P values were as follows: no treatment with HTLV-1 Env versus TU, Ͻ0.05; no treatment with HTLV-2 Env versus TU, Ͻ0.05; no treatment with HTLV-3 Env versus TU, Ͻ0.01; no treatment with VSV-G versus TU, Ͼ0.05. (C) C5/U87 and C8/U87 were incubated overnight with pseudotyped vectors, and the titers were determined as described above. Shown are means and SEM of four (A) or three (B and C) independent experiments. P values were as follows: HTLV-1 Env C5/U87 versus C8/U87, Ͻ0.001; HTLV-2 Env C5/U87 versus C8/U87, Ͻ0.05; HTLV-3 Env C5/U87 versus C8/U87, Ͻ0.01; VSV-G C5/U87 versus C8/U87, Ͼ0.05.
Similar results were obtained when the role of GLUT-1 in entry was examined. The titers of retroviral vectors pseudotyped with all three HTLV Env proteins were significantly lower on the cells expressing lower levels of cell surface GLUT-1 (Fig. 6C) . The vectors pseudotyped with HTLV-2 Env had the lowest titers on U87/C8, consistent with observations that, for HTLV-2, GLUT-1 plays a role in binding as well as in postbinding events (26) . These results combined with those of Fig. 4 and 5 indicate that, as for HTLV-1, GLUT-1 is involved in HTLV-3 Env-mediated fusion at a step after the initial binding to the cell.
HTLV-3 SU binds efficiently to naïve CD4 ؉ cells in the absence of known components of the HTLV receptor complex. The results presented in Fig. 3, 4 , and 5 strongly suggest that HTLV-3 SU binding to cells can also involve molecules other than HSPGs, NRP-1, and GLUT-1. Studies performed prior to the characterization of the HTLV receptor complexes demonstrated that freshly isolated quiescent CD4 ϩ T cells do not bind either HTLV-1 or HTLV-2 SU (40, 41) . More recent studies have revealed that naïve unactivated CD4 ϩ T cells do not express HSPGs or NRP-1 and express low or undetectable amounts of GLUT-1 (4, 26, 28, 29, 48, 49) . To determine whether HTLV-3 SU binding can occur in the absence of the HSPGs, NRP-1, and GLUT-1, naïve (CD45RA ϩ ) CD4 ϩ T cells were isolated. Activated (CD45RO ϩ ) T cells were also isolated and used as a positive control. Twenty-four hours later, the level of HTLV SU binding was determined. We ϩ T cells (left), activated T cells (middle), or red blood cells (right), which express high levels of GLUT-1. The level of GLUT-1 was determined using two independently derived antibodies that recognize extracellular domains of human GLUT-1: a mouse anti-human monoclonal antibody from R&D Systems (top) and a rabbit anti-human polyclonal from Alpha Diagnostics (bottom).
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observed that, unlike HTLV-1 and HTLV-2 SU, HTLV-3 SU could bind efficiently to quiescent CD4 ϩ T cells (Fig. 7A , top, compare left panel with middle and right panels). As expected (26, 28) (Fig. 2) , all three HTLV SU proteins bound to the activated T cells (Fig. 7A, bottom) . Analysis of the level of cell surface expression of GLUT-1 on these cells performed in parallel using the monoclonal antibody MAB1418 confirmed that the level of GLUT-1 on the naïve cells was below the level of detectability (Fig. 7B, top and left) . As expected, GLUT-1 was expressed on activated T cells and on red blood cells, which express high levels of GLUT-1 (Fig. 7B, top, middle and  right) . Similar results were obtained with experiments performed in parallel with a polyclonal antibody directed against GLUT-1 (GT14-A) (Fig. 7B, bottom) , confirming that the naïve cells used in these experiments did not express detectable levels of GLUT-1 on the cell surface.
These observations confirm that HTLV-3 SU can bind efficiently to naïve CD4 ϩ T cells in the absence of detectable levels of HSPGs, NRP-1, and GLUT-1, indicating that a different, currently unidentified molecule is sufficient to support efficient binding of HTLV-3 SU to T cells.
DISCUSSION
We present here the initial characterization of the molecules used by HTLV-3 to bind and enter T cells. Sequence comparisons revealed that HTLV-3 Env proteins have an overall organization similar to those of HTLV-1 and HTLV-2 and that residues in the Env proteins that are important for HTLV-1 and HTLV-2 infectivity are conserved in HTLV-3.
Recent studies have determined that HSPGs, NRP-1, and GLUT-1 are involved in the entry of HTLV-1. We report here that, as for HTLV-1, the cell surface levels of both HSPGs and NRP-1 can influence HTLV-3 SU binding. However, in sharp contrast to HTLV-1 SU, HTLV-3 SU can bind to cell lines that do not express HSPG or any other GAG and when interactions with both HSPGs and NRP-1 are blocked. Consistent with these observations, HTLV-3 SU bind efficiently to primary CD8 ϩ T cells, which express low or undetectable levels of HSPGs (26) . Further examination of HTLV-3 Env interactions also revealed that the level of cell surface GLUT-1 correlates with Env-mediated entry but not with SU binding. This observation indicates that, as for HTLV-1 (26, 49) , GLUT-1 facilitates entry at a step after the initial attachment to the target cell.
These results strongly suggest that HTLV-3 SU can bind to target cells using molecules other than those involved in HTLV-1 and HTLV-2 binding. This hypothesis was confirmed by our studies with freshly isolated primary T cells. HTLV-3 SU bound efficiently to naïve CD4 ϩ T cells, which do not bind HTLV-1 or HTLV-2 SU and which do not express detectable levels of HSPGs, NRP-1, or GLUT-1. These results also suggest that, as is the case for certain other viruses including HIV-1, HTLV-3 may use different receptor complexes to infect different cell types. This notion is supported by a previous report of GLUT-1-independent HTLV-1 Env-mediated fusion and entry into a glioblastoma/astroglioma cell line (23) .
In this study, requirements for binding and entry were examined using a soluble form of the SU protein and Envpseudotyped viruses, respectively. For other retroviruses, studies using this approach have proven useful for identifying molecules required for the initial steps in infection. However, the presence of receptors on cells is not necessarily sufficient for generating a productive infection. Indeed, it has been shown that, while HTLV-1 and HTLV-2 Env-pseudotyped viruses can transduce a wide variety of cells, only a small number of cell types (including T cells, dendritic cells, and B cells) can be productively infected by these viruses (19, 29, 33, 36, 46) . Until recently, similar studies of HTLV-3 tropism were not possible due to the lack of productively infected cell lines and the lack of an infectious HTLV-3 clone. We have recently generated such an infectious clone of HTLV-3 (8), as well as one of the closely related STLV-3 (9) . These tools will allow us to expand the current study by characterizing additional steps in the viral life cycle required for productive HTLV-3 infection.
